In the so-called Yukawaon model, the effective Yukawa coupling constants Y 
Introduction
"What is the origin of masses?" seems to be an elusive subject in physics. The subject is deeply related to a fundamental law of the nature, and the concept of "mass" has steadily been developed with the times, i.e. as a result of the progress in physics. On the other hand, investigations of "mass spectra" have always offered promising clues for understanding fundamental matter in physics, e.g. Balmer (and also Rydberg) formula versus Bohr theory, Gell-MannOkubo hadron mass formula versus Gell-Mann-Zweig quark-ace model, and so on. In such a practical meaning, investigations of the quark and lepton mass spectra and their mixings will also offer a promising clue to a unified understanding of the quarks and leptons.
In the standard model of the quarks and leptons, the masses of mixings originate in structures of the Yukawa coupling constants Y f (f = u, d, ν, e). Therefore, usually, we assume a flavor symmetry, and thereby, we discuss relations among the mass spectra and mixings. However, even if we assume such symmetries, we have still many free parameters. On the other hand, there is another idea for the origin of the mass spectra and mixings: We regard the Yukawa coupling constants Y f as "effective" coupling constants Y where Λ is a scale of the effective theory. We refer the fields Y f as "Yukawaons" [1] hereafter. Note that in the Yukawaon model, the Higgs scalars are the same as ones in the conventional model, i.e. we consider only two Higgs scalars H u and H d as the origin of the masses (not as the origin of the mass spectra). It should be noted that the Yukawaons Y f are gauge singlets. For example, we assume an O(3) flavor symmetry [2] and we consider that the Yukawaons Y f are (3 × 3) S = 1 + 5 of O(3) F . Then, the would-be Yukawa interactions are given by where q and ℓ are SU(2) L doublet fields, and f c (f = u, d, e, ν) are SU(2) L singlet fields. Here, in order to distinguish each Y f from others, we have assigned U(1) X charges as
The VEVs of Yukawaons are obtained from supersymmetric (SUSY) vacuum conditions for a superpotential W . (Such a prescription based on SUSY vacuum conditions has first been proposed by Ma [3] .) In the conventional approach, the masses and mixings are calculated by diagonalizing the mass matrices M f which are constrained by flavor symmetries, while, in the Yukawaon approach, those are obtained by writing a superpotential under flavor symmetries and by solving simultaneous equations from the SUSY vacuum conditions.
For example, in the charged lepton sector, we assume Therefore, the mass spectrum of the charged leptons are given by 5) and 6) where Φ e = diag(v 1 , v 2 , v 3 ). If we can give K e = 2/3 (an earlier attempt to give K e = 2/3 has been done in Ref. [4] ), we will obtain a well-known formula [5] for the charged lepton masses
which is in an excellent agreement with experiments. We refer the field Φ e as an "ur-Yukawaon". (Hereafter, for convenience, we drop the index "e".) The term W Φ in the superpotential (1.3) has been introduced in order to fix a VEV spectrum of Φ (the explicit form is discussed in the next section). By choosing a specific form of W Φ , we will obtain a cubic equation for the eigenvalues v i of Φ :
The coefficients c a (a = 0, 1, 2, 3), in general, have the following relations:
Therefore, we can predict the ratios K e and κ e as follows: 11) by using the relations (1.9). In the present paper, we assume that the supersymmetry is unbroken as far as Yukawaons are concerned. In a Yukawaon model, VEVs of these Yukawaons Y f are related among them. For example, in Ref. [2] , a curious neutrino mass matrix has been proposed:
where
Usually, the so-called tribimaximal mixing [6] is understood based on discrete symmetries, while, in this model, the neutrino mass matrix (1.12) can give a nearly tribimaximal mixing by using observed values in quark sectors, without assuming any discrete symmetry, (but only by putting an additional phenomenological ansatz). In order to give the relation (1.13), we assume superpotential terms
(1.14)
Hereafter, we consider that all VEV values and coefficients µ f with a dimension of mass are of the order of Λ, so that, from the neutrino mass matrix model (1.12) [2] with (1.14), we consider
Thus, each Yukawaon is never isolated from other Yukawaons. Although we consider Yukawaons Y f for all sectors f = u, d, ν, e, we consider a few ur-Yukawaons, for example, only two ur-Yukawaons Φ e and Φ u . Our goal is to describe VEVs of the Yukawaons Y f in terms of VEVs of only one ur-Yukawaon Φ e (or two ur-Yukawaons Φ e and Φ u ), and to find relations among Yukawaons such as (1.14) which give masses and mixings. Regrettably, at present, a reasonable model for the Yukawaon Y d which couples to the down-quark sector has not been completed. Nevertheless, it might be worthwhile to take this Yukawaon model seriously, because this scenario seems to bring a new view on the quark and lepton mass matrix model.
In the present paper, we are interested in massless scalars which appear when a flavor symmetry is spontaneously broken. Usually, when a flavor symmetry is spontaneously broken, the minimum number of the massless scalars is given by the Goldstone theorem. However, in the present Yukawaon scenario, there are many Yukawaons (and ur-Yukawaons). [For example, we have, at least, three 3 × 3 scalars, Y e , Φ e and X e as seen in the superpotential (1.3).] It is a great concern to know how many actually there are massless scalars, because when we consider the symmetry as a gauged one, it is dependent on the number of the massless scalars whether all the massless scalars can be absorbed into the gauge bosons or not. Regrettably, as stated above, at present, the whole scenario of the Yukawaon model is still not completed. Therefore, in this paper, we investigate only massless scalars in the charged lepton sector, because the sector is a pivotal point of the Yukawaon model and the results are easily extended to other sectors.
In order to calculate masses of Yukawaons, we must know an explicit expression of the superpotential term W Φ . In the next section, we discuss a possible structure of the term W Φ which leads to K e = 2/3. And thereby, in the section 3, we calculate the masses of Y e , Φ e and X e . We will conclude that massless scalars are only three components (
) of a linear combination Y ′ of the scalars Y e , Φ e and X e . Finally, the section 4 is devoted to concluding remarks (phenomenological meaning of the massless Yukawaons, and so on).
VEV structure of the ur-Yukawaon
In this section, we discuss a possible form of the superpotential term W Φ . We assume the superpotential W is invariant under a flavor symmetry
(Φ f , X f and so on are also transformed by the same U ). If we do not consider Majorana neutrinos, we may consider a U(3) flavor transformation [4, 7] as U , but if we would like to consider a Majorana neutrinos, we will be obliged to consider an O(3) flavor transformation (orthogonal transformation) [2] as U . We also assume that W is described, at most, up to cubic terms as far as ur-Yukawaons are concerned. In other words, we do not consider higher dimensional terms except for the would-be Yukawa interactions (1.2). The simplest way of the cubic equation of Φ e is as follows [7] : An example of the U(1) X conserving superpotential which can lead to the relation K e = 2/3 has been given in Ref. [8] :
where the fieldΦ e denotes a traceless part of the ur-Yukawaon Φ e , i.e.Φ e = Φ e − 1 3 [Φ e ], i.e. the octet part of 3 × 3 * in U(3), or 5 part of (3 × 3) S = 1 + 5 in O(3). Here, we have assigned U(1) X charges as Q X (Y e ) = x e , Q X (Φ e ) = 1 2 x e and Q X (X e ) = Q X (X ′ e ) = −x e . In order to prevent (Y ′ e ) ij from coupling with ℓ i e c j , we have to assign the U(1) X charge of the field Y ′ e differently from that of the Yukawaon Y e , so that we must replace the coefficient µ ′′ with λ ′′′ φ x , where Q X (φ x ) = x φ and Q X (Y ′ e ) = x e − x φ . However, for simplicity, in Eq.(2.3), we have used the expression µ ′′ with Q X = x φ instead of λ ′′′ φ x . In Eq.(2.3), we have ad hoc assumed non-existence of a term [Y ′ e X e ]. Although the model (2.3) is somewhat complicated, anyhow the model can lead to K e = 2/3. However, the model (2.3) has five 3 × 3 fields, Y e , Y ′ e , Φ e , X e and X ′ e even in the charged lepton sector. We want a more economical model.
In this paper, we assume a model with explicit U(1) X symmetry breakings of the order ε which is negligibly small:
Of course, the ε-terms given in Eq.(2.4) are not a general form which gives Q X = 0. We have given only cubic terms with Q X = 2x e and 
Then, the VEV structure is completely fixed by the third SUSY vacuum condition ∂W/∂Φ e = 0. A case F = Φ e Φ e gives c 3 = 4, c 2 = −3λ ′ µ/λ ′′ λ, and c 1 = c 0 = 0 for c a defined in Eq.(1.8), so that the case does not give any interesting result. Since we know [8] that, in order to obtain K e = 2/3, it is essential to bring an interaction term with a traceless partΦ e ≡ Φ e − 1 3 [Φ e ] into the potential. Therefore, let us investigate a case of F =Φ e Φ e on trial. In this case, the superpotential (2.4) is explicitly given by By using the relations (1.4) and (2.5), independently of the value of ε, we obtain a cubic equation (1.8) with coefficients
where ξ is defined by
By using a general formula for any 3 × 3 matrix
we can obtain
On the other hand, in order to obtain a solution with [Φ e ] = 0, from the relations (2.8) for the coefficients c 3 and c 2 , the parameter ξ must be taken as ξ = 1. (2.13) (The case puts a strong constraint on the relation among λ, λ ′ and so on as seen in Eq.(2.9).) Then, we can obtain K e = 2/3 from Eq.(2.11). Note that the result K e = 2/3 has been obtained independently of the parameter ε.
On the other hand, from Eq.(2.12), we obtain
The observed value is κ e (µ) = 2.031 × 10 is estimated as ε K EM = 1.15126 × 10 −3 , almost independently of µ. Thus, the value of κ e is the same order of the value of ε K EM . When we want to predict the value of κ e , we must, at the same time, explain an origin of the deviation of the prediction K e (µ) from the observed value (for a possible origin of the deviation, for example, see Ref. [9] ). Since the purpose of the present paper is not to predict the value of κ e , but to calculate masses of Yukawaons by giving a framework of the Yukawaon model. Therefore, in this paper, we will not discuss an additional term which can give a reasonable value of κ e .
Massless Yukawaons
Our interest is in a number of massless scalars in the present model (2.6), in which we have three 3 × 3 scalars Y e , Φ e and X e . Since we consider an unbroken SUSY scenario at present, we calculate fermion masses instead of boson masses. The mass terms is given from the superpotential form (2.6) as follows:
where we have dropped index "e" for simplicity, and
We calculate the mass matrix on the basis in which Φ is diagonal, i.e. Φ = diag(v 1 , v 2 , v 3 ). When we define Ψ T = (Y, Φ, X), we obtain a mass matrix for the components Ψ ij (i = j) as follows:
3)
Since there is no mixing term between Ψ ij and Ψ kk , the mass matrix (3.4) is substantially a 3 × 3 matrix. In order to see whether there is a massless state or not, we calculate det
(3.6) In this model, we must take ξ = 1, so that we obtain
where we have put
, so that the value of (3.7) becomes exactly zero. We can see that there are no massless states more than three by calculating [M (ij) ] and [M 2 (ij) ]. More simply, we can demonstrate it by seeing the case of ε → 0. (The case ε → 0 does not mean ε = 0. The case ε = 0 means a trivial case with W Φ = 0 in Eq.(1.3), so that X e = Y e = Φ e = 0 or X e = 0 and Y e = −(λ e /µ e ) Φ e Φ e = 0. Here, the case ε → 0 means a mass matrix M (ij) with ε ≃ 0. ) In this case, the mass matrix M (ij) is given by
The eigenvalues and mixing matrix are given by
respectively, where 
The situation is almost unchanged for the case ε = 0 (but ε ≃ 0). Since we consider Λ ∼ 10 15 GeV from the model (1.12) for neutrinos, the effective coupling constant of e i Y ′ ij e c j is of the order of H d /Λ ∼ 10 −13 . The phenomenological meaning will be discussed in the next section.
Next, we calculate a mass matrix for the components Ψ ii . Since there are mixing terms between Ψ ii and Ψ jj , i.e.
, the mass matrix is described by 9 × 9 matrix for Ψ ii = (Y 11 , Y 22 , Y 33 , Φ 11 , Φ 22 , Φ 33 , X 11 , X 22 , X 33 ):
where C and D take diagonal forms
while A and B have off-diagonal elements as
In order to see whether there are massless states or not, we calculate det
for ξ = 1. For the value K = 2/3, we obtain 
Concluding remarks
In conclusion, we have strictly calculated masses of Yukawaons in the charged lepton sector based on a superpotential form (2.6) which leads to K e = 2/3. We have found that, of the fields Y e , Φ e and X e , the massless components are only three (
) have masses of the order of εΛ and the remaining components have masses of the order of Λ.
As far as we see the results in the charged lepton sector, there is no mixing between different components Ψ ij and Ψ kl (but there are mixings between Ψ ii and Ψ jj ). However, this is not true when we consider whole Yukawaons in the all sectors. For example, when we consider superpotential terms (1.14), we have mass terms
(4.1)
In this case, X R is zero [2] , but Φ u is not zero, and besides, Φ u is not diagonal on the diagonal basis of Φ e . The existence of terms (4.1) cause Y ′ ij -Y ′ jk mixings among the massless Yukawaon Y ′ e described in Eq. (3.10) . In other words, the flavor-changing neutral currents (FCNC) via Y ′ ij can appear in principle. From superpotential terms in the up-quark sector
2) similar to Eq.(1.3) (neglecting W Φu ), we also obtain mass terms
As a result, we obtain the following mass matrix for
and we have put X u = X R = 0. Although the matrix b is not diagonal on the diagonal basis of Φ u , in order to obtain a rough sketch of the mixing, we regard the matrix (4.5) as a 6 × 6 matrix. Then, we obtain two massless states Y ′ u and Y ′ e , which have the following components
respectively, where .7) is not identical with Y ′ e given in (3.20) . The former is defined as a massless state in the mass matrix for Ψ (u) = (Y u , Φ u , X u , Y e , Y R , X R ), and the latter is defined as a massless state in the mass matrix for Ψ = (Y e , Φ e , X e ). Of course, the exact mass-eigenstates should be calculated by diagonalizing a mass matrix for whole Yukawaons simultaneously. Nevertheless, from the results (4.6) and (4.7), we can deduce the following overviews: (i) The massless particle ii have masses m Y ′ of the order of εΛ, the decay widths are of the order of ε 2 m Y ′ ∼ ε 3 Λ. At present, the parameter ε is free. Therefore, the lifetimes can freely be adjusted. However, regrettably, we cannot regard the light Yukawaons as candidates of the cold dark matter, because we must consider tiny masses (a several eV) of Y ′ ii in order to get small decay width of the order 10 −43 GeV which is required from the age of the universe.
Thus, we can conclude that the massless and light Yukawaons are harmless in low and high energy physics. In other words, regrettably, it is hard to find a positive effect of these Yukawaons in low and high energy physics experiments. On the other hand, in cosmology, it is likely that the existence of such massless Yukawaons causes problems. (Besides, there is a possibility that the massless Yukawaons acquire unwelcome masses due to radiative corrections.) If such troubles turn out to be serious, we will be obliged to consider the flavor symmetry as a gauged one.
At present, the Yukawaon model is in the cradle, so that the results are not so remarkable. However, since the present prescription for mass spectra and mixings of the quarks and leptons is quite different from the conventional one, it seems to shed a new light on the unified understanding of the quarks and leptons and to offer fruitful results in future. We need further investigations for Yukawaon models, especially, in the up-and down-quark sectors.
